Abstract-A novel route to achieve a narrowband free-space electromagnetic absorber in any range of the spectrum based on stacked subwavelength hole arrays is proposed. The absorption is obtained by means of a slow light mode inside a fishnet-like engineered structure and exploiting the unavoidable misalignments and bucklings of the free-standing stack. An incoming pulse becomes permanently trapped in the structure due to the near zero group velocity which causes an enhancement of the radiation-structure interaction that leads to a huge increment of losses arising from the finite conductivity of the metal as well as arrangement tolerances. This approach is studied not only by simulation but also experimentally under normal incidence at millimeter wavelengths. Moreover, a basic grasp about the angular dependence of the structure is given by analyzing the 2D dispersion diagram. It shows that this scheme may also display high absorption under oblique incidence for s-polarization (or T E-polarization), whereas p-polarization (T M -polarization) would degrade its performance.
INTRODUCTION
The slow-light field has specially attracted a lot of interest since Hau et al. [1] reduced the group velocity of light to just 17 m/s in an ultracold gas of sodium atoms exhibiting electromagnetically induced transparency. Slow light has become a strong driving force for physicists and engineers since it has provided new exciting approaches in many areas such as nonlinear optics, quantum optics and alloptical information processing, lumping together both optical storage and switching, among others (see Refs. [2, 3] and references therein). Scientists in these fields race towards low loss systems, in order to improve the performance of the light-matter interaction.
The transmission through a subwavelength aperture was investigated by Bethe [4] and Bouwkamp [5] in the 1940s. They concluded that the transmission through a small hole on a planar infinite metallic screen under normal incidence was proportional to (r/λ) 4 , where r is the radius of the hole. Afterwards, Lewis et al. [6] used arrays of subwavelength holes for the development of the near-field scanning optical microscopy in the 1980s, showing that the array leads to a huge enhancement of the transmission. Nevertheless, it was Ebbesen and co-workers' paper [7] which gave the final boost to the research on the transmission through subwavelength holes, not only in the optical regime, but also in other regions of the spectrum. Initially, extraordinary optical transmission was ascribed to surface plasmons, but an alternative wider hypothesis was needed when this phenomenon was also replicated in millimeter waves, where surface plasmons make no sense [8] [9] [10] . This general explanation was reached under the framework of complex surface waves and diffraction [11] .
In addition, a new topic called metamaterials has excited both physics and engineering communities since it seems to give access to exotic electromagnetic properties beyond the limits of natural media [12, 13] . A metamaterial is a composite medium consisting of subwavelength features that control the macroscopic electromagnetic response of the material. Some of this new accessible wide range of properties has allowed scientists to deal with trapped rainbow [3] , perfect lens [14] and cloaking/invisibility [15] to name a few.
Moreover, a new growth in absorbing materials research and development has largely been driven by the progress in metamaterials. State-of-the-art of passive metamaterials for free-space absorber applications has evolved over the last years into four main strategies:
(i) Most of former ones resemble Salisbury single-screen by using a resistive sheet, a metamaterial/metasurface or even a simple frequency selective surface and a dielectric layer over a conductive ground plate in a resonator-like configuration, see Refs. [16] [17] [18] . (ii) On the other hand, some schemes have taken advantage of negative values of the real parts of the dielectric permittivity, , and/or magnetic permeability, µ, while neglecting losses [19] .
The primary obstacle to achieve such a goal is the difficulty of producing the necessary resonance to get negative real parts of permittivity and/or permeability while imaginary ones are kept low. This is the main reason why these approaches have been limited to microwaves, where losses can be reduced, although cannot vanish totally so as not to violate the Kramers-Krönig relations in causal systems [20] . (iii) Others have recently taken advantage of metamaterials losses [21] where the aforementioned relation in causal systems does not limit the performance of the scheme, giving this approach a brighter future as Ref. [22] confirms, especially in frequencies such as THz and optics, where metamaterial losses are a big concern. (iv) Finally, the last trend is driven by optical transformation concepts [23, 24] . This approach holds huge potential. However, it requires precise fabrication procedures. Recently, both phenomena, namely, extraordinary transmission (ET) and metamaterials, together with electromagnetic bandgap responses have been gathered together by means of stacking subwavelength hole arrays [25] , see a picture in Figure 1 . It was found that stacked hole arrays with a subwavelength stack period, support backward wave propagation, which leads to negative refraction in a prism configuration [26] [27] [28] , whereas large longitudinal stack periodicities give rise to electromagnetic bandgap response with forward wave propagation for the first band. Remarkably and also relevant to this paper is that in the limit between both regimes, a zero group velocity mode, i.e., a slow light or frozen mode, appears [29] . Due to the periodicity (approximately λ/2) at which this phenomenon happens, it can be related to the excitation of a weakly coupled FabryPerot cavity resonance within the realm of electromagnetic bandgaps rather than metamaterials.
This work triggers discussion on the design, fabrication and experimental results of absorbers by means mainly of decelerating electromagnetic waves, i.e., slow light. This engineered frozen mode inside the structure brings about an increased metamaterial-field interaction which leads to losses rise, since the interaction between field and matter takes a longer time and the electric field intensity is enhanced as a result of the pulse compression. All these effects are further enhanced by the misalignments and bucklings of the free-standing stack. Notice that defects are indeed desired in this configuration. This scheme is totally contrary to the present aim of passive lossless slow-light systems research. Therefore, absorption effects described in this paper may be reminiscent of Refs. [21, 22] , but the physics is substantially different since the loss enhancement is reached by a different mean. To the best of our knowledge, only slow light approaches based on magnetic-photonic crystals [30] and degenerate band-edge [31] have been used in free-space technology in antenna field for gain enhancement and miniaturization [32, 33] .
The work discussed in this paper could be a new guide for the design of similar absorbers in the THz and optical frequencies, since the four phenomena involved in the design are well-documented in these regimes (i.e., slow light, ET, electromagnetic bandgaps and Fabry-Perot resonances). However, further optimization is required to become competitive within the current proposals [16-18, 21-24, 34 ].
DESIGN AND SIMULATION RESULTS
As previously mentioned the key element to design a slow light medium with our strategy is the fishnet-like artificial structure, since by tuning adequately the longitudinal period, it enables us to engineer a frozen mode. The proposed ET structure, see Figure 1 , consists of several subwavelength hole arrays perforated in aluminum plates whose unit cell parameters are: hole diameter a = 2.5 mm, transversal lattice constants d x = d y = d = 5 mm, metal thickness w = 0.5 mm. For this particular set of parameters, ET emerges, for a single plate, around 57 GHz (λ = 5.3 mm) although the individual hole starts to propagate at 70 GHz (λ = 4.3 mm), that is, the cut-off frequency of the circular waveguide defined by the hole. Also, the longitudinal lattice constant, d z , can be adjusted to achieve the required propagation mode with its associated field profile [25, 35] . In our case, we assign a fixed value of d z = 2.5 mm that corresponds to the frozen mode described in Refs. [29, 35] . Therefore, the modal pattern is susceptible to become irregular [36] .
In order to realize how the proposed structure works, consider initially the 1D-dispersion diagram of the artificial medium (zdirection) under the assumption that we take just normal or close to normal incidence. This approximation allows us not to deal with the spatial/angular dispersion that all periodic composites have. This concern will be the subject later on in this paper.
The 1D-dispersion diagram of the infinite structure is calculated by using the eigenmode solver of the commercial software CST Microwave Studio T M . To this end, a unit cell is taken and periodic boundary conditions are applied with a specific phase shift across the cell in the longitudinal dimension, i.e., the stack direction, whereas in the cross-sectional dimensions electric and magnetic walls for the y and x direction are employed respectively. The electromagnetic wave propagating in this artificial waveguide, thus, resembles the one of a TEM plane wave propagating along z-direction when the polarization is vertical (electric field along y) [29, 35] .
The simulated dispersion diagrams, limited to the first propagating band and computed following the aforementioned method, are shown in Figure 2 . The band corresponding to large longitudinal lattice constant (red trace) is shifted towards lower frequencies (longer wavelengths) and exhibits a positive slope, i.e., phase velocity parallel to the group velocity, whereas the band related to close stacking (dark trace) shows a negative slope accounting for antiparallel phase and group velocities, i.e., backward wave propagation inside the stacked structure. Nevertheless, outstanding in this figure is that an intermediate stacking displays a near-zero slope, that is, a frozen mode (blue trace). It must be noted that the blue trace is not totally flat (see inset), but it may likely be achieved optimizing.
From the dispersion diagrams, the index of refraction is directly calculated through the relation (assuming lossless structures without loss of generality),
which is directly proportional to speed of light in vacuum c, and inversely proportional to the slope of the line from the origin to the operating point on the dispersion diagram defined as it is in this work. The proportionality constant is the inverse of the longitudinal periodicity, d z . Moreover, the group velocity is derived from the dispersion diagram as well,
which is obvious from the first equality that it is proportional to the slope of the dispersion diagram. Both the refractive index and the group velocity are plotted in Figures 3(a) and 3(b) respectively, for three different longitudinal lattice constants. Let us now focus on Equation (2). It is clear that in order to achieve an ultraslow light mode either a high index of refraction or a rapid spectral variation of the index of refraction is mandatory. This is consistent with the numerical results depicted in Figure 3 , i.e., with the fact that the frozen mode, d z = 2.5 mm, displays both the highest dispersion as well as the slowest group velocity within the three cases considered in this work. The scenario corresponding to the approach proposed in this work is depicted on the left side of Figure 4 . This scheme is simpler than those previously reported in the literature [16] [17] [18] [19] [21] [22] [23] [24] because of the reduction of the number of elements involved in it and the indifference toward defects-free structures. Due to the very low (ideally zero) group velocity related to this mode, the electromagnetic wave propagates very slowly inside the structure increasing the time that the radiation requires to pass through the structure as well as the electric field intensity due to the pulse compression (see Figure 4) . This structurefield interaction eventually leads to an increment of the dissipated power. Furthermore, the impinging pulse suffers a compression, and its energy density is thereby increased, that is, the amplitude of the pulse rises, which amplifies the dissipation. Therefore, the incoming wave is absorbed by the engineered slab.
EXPERIMENTAL RESULTS AND DISCUSSION
A prototype of 54 × 54 holes has been fabricated in aluminum plates, see Figure 1 , by drilling the hole array with the parameters detailed in previous section. By using our AB-Millimetre T M quasioptical vector network analyzer the transmission and reflection coefficients have been measured for a wavelength range of 4.7 mm-5.8 mm (51.7-63.8 GHz, V-band). The experimental setup is schematically shown on the right side of Figure 4 . It consists of an AB-Millimetre T M , two corrugated horn antennas and the ET-based structure. The transmitter (continuous wave source) launches a vertically polarized Gaussian beam towards the sample, and the second antenna serves as a detector. This antenna is very sensitive to polarization and well matched to the Gaussian beam. The transmitting antenna also works as a receiver for the reflected power, using a directional coupler that steers the signal to the receiver. The transmission calibration of this setup configuration is done by simply removing the sample from the system and allowing the Gaussian beam to propagate. Conversely, the reflection calibration is done by removing the ET-based structure as well, but placing in this case a mirror in the sample holder. Notice that the radiation into higher order diffracted modes (emitting in other directions different from the normal) is negligible for this structure at the V-band [35] .
The experimental result for the transmission and reflection coefficient of the d z = 2.5 mm structure, that is, the slow light case, can be seen in Figure 5 collimation when it is finite transversally [35, 37] . Therefore, it is in principle unexpected the low transmission recorded in this experiment. Besides, when a mirror is added at the rear part of 10 stacked perforated plates to totally annihilate transmission, reflection remains almost unaltered comparing to the case without mirror. In other words, the absorption has been greatly increased, as it is highlighted in Figure 5(b) , where the figure of merit is plotted computing it as follows: FoM = 1 − |S 21 | 2 − |S 11 | 2 . Particular attention must be paid to this FoM since is not a true measure for the absorption of the structure, because of the collimation effect pointed out earlier. The collimation effect is readily seen for the one-plate structure in Figure 5(b) , where the FoM is below zero (i.e., 5.4-5.7 mm range). This result would be incoherent for this passive system, unless it provided a beaming effect. Notice that the fast oscillations exhibited by the measurements and the reflection value above unity account for the normal-incidenceunavoidable standing-waves of the system. It is worth commenting that in addition to the aforementioned collimation, absorption is indeed difficult to measure as, in the inherently finite real setup, it requires the angular integration of both transmitted and reflected signals. However, it is more accessible through a numerical calculation. Therefore, we compute numerically the total absorption of a fishnet-like structure comprising 4 perforated plates and infinite transversally with the aid of the frequency solver of CST Microwave Studio T M and its unit cell boundary condition. In order to model unavoidable defects, a shift of 0.25 mm has been introduced in layers 2 and 4. The result is plotted in cyan in Figure 5 and it catches somehow the main features of the experimental data. Notice that around our experimental absorption band, the simulation predicts 2 narrow absorption peaks, which may have merged together to form the measured absorption band. Needless to say, disagreements are expected because of other ignored misalignments, different illumination (Gaussian beam in the experiment and planewave in the simulation) and finite size of the sample that may broaden the resonances and reduces the Q-factor of the resonances shown by the numerical data, etc.
So far, we have simplified the problem to 1D, by assuming paraxial geometry. However, another matter of concern is the performance of the slab under oblique incidence illumination. Therefore, we take a further step toward accounting for the spatial/angular dispersion of the fishnet-like structure by analyzing the 2D-dispersion diagram (see Figure 6 ) which was calculated similarly to the 1D case. The dispersion diagrams give us a qualitative understanding of the behavior of the finite/real structure. Once again, the direction of the average phase velocity is parallel to k, whereas the direction of the average group velocity is given now by grad k (ω) [38] , which is perpendicular to the ω contours and points in the direction of increasing ω. A further revision of the oblique incidence for close stacking subwavelength hole arrays can be found in [39] [40] [41] [42] . From Figure 6 (a) one can directly infer that the performance of the system is strongly degraded for p-polarization oblique incidence, since the band moves rapidly towards lower frequencies, for increasing angle of incidence. However, despite this frequency shift, the frozen mode remains in the longitudinal dimension, d z , which foresees a similar behavior of the system but in other frequencies. A different scenario occurs for s-polarized waves, see Figure 6 (b). In this case, the band moves slowly towards higher frequencies, especially for small angles of incidence. Besides, in this range it remains a two-dimensional frozen mode, since grad k (ω) → 0. Therefore, it seems that the proposed system for new class of absorbers has a superior performance for s-polarization in terms angle of incidence dependence and for this polarization it can be used not only under normal incidence, but also under wide angles of incidence which we estimated to be around ±11 deg allowing a maximum frequency band shift of 0.3 GHz.
Finally, prominent in this approach is that even though each screen of the ET-based structure is practically metal, this fact does not affect the absorber performance. Total reflection expected in flat metals at millimeter wavelengths is dramatically cut down by the subwavelengthholes pattern despite the area of the hole per unit cell is only ∼ 0.2.
CONCLUSIONS
The application of slow light to show the viability of constructing novel absorbers of the electromagnetic energy of a Gaussian beam by using extraordinary transmission fishnet-like structures is proposed and investigated experimentally in the millimeter wave range. The approach to slow light is founded on weakly coupled Fabry-Perot cavity resonance by interspacing free-standing subwavelength hole arrays approximately λ 0 /2. The experimental results show good performance for the slow light scheme for normal incidence and numerical results suggest that s-polarized electromagnetic waves at the normal-incidence-design frequency might be even well absorbed for angles of incidence up to 11 deg. On the other hand, the strong angular dispersion associated to p-polarized waves prevents from good absorption properties under oblique incidence. As the extraordinary transmission was first reported in optics, we expect to be able to reproduce similar narrowband absorption behavior in both the visible as well as in THz frequencies because of the simplicity of this approach, although optimization is required to become competitive.
